Introduction
Type 1 diabetes affects tens of millions of people worldwide and has no cure to date. Pancreatic islet transplantation may be a promising mode of treatment. Studies have shown that transplantation of stem cell-derived beta-like cells or rat islets into diabetic mice could control blood glucose levels for up to 21 days. [1, 2] However, these approaches face many obstacles, and the most significant one is transplant rejection. [3] The host immune system rejects "nonself" cells or tissue, resulting in early graft loss or a lifelong reliance on immunosuppressive drugs with severe side effects. [4, 5] Attempts have been made to isolate transplanted islet cells with biomaterials such as macro/microcapsules, [6, 7] which could effectively prevent the allo/xenogeneic cells from contacting the host tissue and could prove useful in protecting the beta cells from immune attack. [8, 9] However, such encapsulation also cuts off nutrient supply from the body, causing the death of the transplanted cells, or triggers foreign body reactions (FBR), another type of host immune response, leading to fibrosis around the implants. [10, 11] Therefore, for islet transplantation, it remains an unsolved challenge to minimize immune rejection while enabling host connection.
To address this challenge, we considered the use of an existing organ-the testicle-to accommodate islet transplantation. We chose the testicle based on its unique physiological characteristics. In the testicle, a unique combination of immune cells and immunomodulatory factors forms an "immunologically privileged" niche [12] that protects the survival of allogeneic or xenogeneic cells. [13] [14] [15] Compared with artificial scaffolds, the testicle does not have issues such as immune rejection, FBR, and lack of nutrient supply. Additionally, its size is proper for growing enough pancreatic cells to exert glucose-control function. Additionally, when one testicle is used for accommodating cell transplantation, the other testicle remains functional. Thus, utilizing a testicle as a site for islet engraftment is feasible and desirable.
However, evidence has shown that the immune tolerance of the testicle is not permanent and does not last long enough to support the full function of the transplanted islets. [16] [17] [18] First, acute rejection could still occur and fail the transplants in the testicle; [13, 17, 19] even if the transplanted islets settled in the testicle, Although pancreatic islet transplantation holds promise for the treatment of type I diabetes, its application has been significantly hampered by transplant rejection. Here, an approach is demonstrated to support trans-species islet beta cells from a rat to grow and function in the body of a mouse host while overcoming graft rejection. This approach, which builds on remodeling of the mouse testicle by local injection of a tumor homogenate, establishes an immunosuppressive and proregenerative niche in the testicle. This remodeling proves necessary and effective in shaping the testicle into a unique site to accommodate xenograft cells. Rat pancreatic beta cells-from both the insulinoma (cancer cells) and pancreatic islet (normal tissue)-survive, grow, and form a desirable morphology in the remodeled mouse testicle. Notably, when hyperglycemia is induced in the host body, these xenografts secrete insulin to regulate the blood glucose level in mice for as long as 72 days. Furthermore, no graft rejection, acute inflammation, or safety risks are observed throughout the study. In summary, it is demonstrated that the growth of xenogeneic insulinoma cells in a mouse testicle might serve as an alternative approach for islet transplantation. most (13/16, or 81%) of them completely failed to regulate blood glucose. [20, 21] Hence, it is vital to devise strategies that can maintain the immunosuppressive feature of the testicle, which will maximize the therapeutic functions of the grafted islet cells.
In this study, as shown in the Scheme 1, we propose to remodel the testicle in mice for the growth of trans-species (rat) islet cells. To achieve this goal, we first remodeled one testicle by injecting a soluble extract from the tumor homogenate (TH), which we previously showed could protect the implanted xenogeneic cancer cells (XCCs) from rejection in immunocompetent mice. [22] Then, we transplanted either rat insulinoma beta cells (INS-1 cells, known for their higher proliferation rate) [23] or primary rat islet cells into the TH-remodeled mouse testicle and examined their long-term survival, response to glucose, and insulin-producing functions in the host body. [22, 24] The results validated our hypothesis that the TH-remodeled testicle provided an enhanced immunosuppressive microenvironment to support the growth of xenografted islets, which exerted prolonged antidiabetic function and minimized graft rejection.
Results

TH Remodeling Enhances the Immunosuppressive Environment in the Mouse Testicle
We employed a TH to enhance the immunosuppressive environment in the testicle. We prepared the TH from a soluble extract of murine sarcoma (grown from an S180 cell graft) and profiled its protein composition by liquid chromatography-mass spectrometry (LC-MS) (Table S1, Supporting Information). Both pathway analysis (Reactome Database, Figure S1A and Table  S2 , Supporting Information) and hierarchical cluster analysis (Gene Ontology Database, Figure S1B , Supporting Information) indicated that the TH components were closely associated with immune activities.
To determine how the TH could change the immune context in the testicle, we injected the TH into one testicle and analyzed the tissue after 5 days ( Figure 1A) . The TH treatment induced the infiltration of more cells, notably macrophages, into the interstitial space without affecting the appearance of the internal tissue structure of the testicle; the secretion of testosterone also remained normal (Figure 1A ,B; Figure S2 , Supporting Information). These data demonstrated the safety of the TH injection. Further analysis of the immune cell population revealed that the TH treatment changed the cell proportions ( Figure 1C ; Figure S3 , Supporting Information). In agreement with the immunofluorescence (IF) staining result, the ratio of macrophages significantly increased to 17.87%, ≈2.5 times higher than that of the phosphate buffered saline (PBS) group. For macrophages, both the proportion and number of antiinflammatory macrophages (M2-type) increased in the THtreated group ( Figure 1D ; Figure S4 , Supporting Information), reflecting a more suppressive immune microenvironment. [25] In addition, even though the number of CD 4 + T cells in the TH group remained similar to that in the PBS group, the proportion of regulatory T cells (Tregs; CD 25 + /Foxp3 + ) in the TH group, which are key mediators of immune suppression, [26] reached approximately two times that in the PBS-treated group (23.6% vs 13.5%) ( Figure 1E ). More importantly, the proportion of cytotoxic CD 8 + T cells, a main threat to the long-term survival of transplanted cells in the testicle, [27] was dramatically decreased to 1.89%, nearly half of that in the PBS group.
Furthermore, the transcriptional levels of both tumor necrosis factor-α (TNF-α)/interferon-γ (IFN-γ) and CC chemokine receptor-7 (CCR-7)/inducible nitric oxide synthase (iNOS-2), which are important genes in the immune activation of T cells and macrophages, respectively, [28, 29] decreased after TH injection ( Figure 1F ). Studies have reported that the production of immunosuppressive and antiinflammatory cytokines, such as transforming growth factor-beta 1 (TGF-β1), activin A, and interleukin-10 (IL-10), is also important for the immunological privilege. [12, 30, 31] Our data showed that these cytokines were indeed upregulated in the testicle upon TH treatment, accompanied by a decrease in the expression of proinflammatory cytokines (IL-6, IL-1β, and TNF-α) ( Figure 1G ).
These results suggested that the TH treatment strengthened the immunosuppressive characteristics of the testicle tissue. We speculated that this remodeling process would be vital to maintaining long-term immunotolerance in the testicle, which is necessary for the allo/xenogeneic cells to grow.
TH Remodeling Creates an Immunotolerant Environment in Mice Testicles for Xenotransplantation
To validate whether the TH-remodeled testicle was capable of accommodating trans-species cell grafts, we transplanted rat INS-1 cells to the mouse testicle pretreated with TH or PBS. Five days later, we examined the occurrence of immune rejection or tolerance to these rat cells in the mice (Figure 2A) .
First, histological analysis (H&E staining) demonstrated that INS-1 cells triggered a significant immune response in the PBS-treated testicle, with abundant inflammatory cells infiltrating into the testicle; however, the rat cells settled down in the TH-remodeled testicle, with no obvious sign of rejection or acute inflammation ( Figure 2B ). We assessed the phenotype of macrophages, which play a key role in organizing the innate immune response, and found that the number of proinflammatory testicles; meanwhile, antiinflammatory (M2) macrophages were present in the TH-remodeled testicle, similar to the situation in the untreated testicle (Figure 2C,D; Figure S5 , Supporting Information). These findings suggest that TH remodeling suppresses the innate immune response against xenograft cells.
Second, we investigated the changes in T cell populations and cytokine expression. Both Fluorescence Activated Cell Sorter (FACS) analysis and IF staining highlighted the cytotoxic immune response in the PBS group, in which the ratio of CD 8 + T cells increased to 8.26%, in contrast to 3.99% in the THtreated sample and 3.52% in the normal testicle ( Figure 2E,F) . In addition, the number of CD 4 + T cells decreased sharply in the PBS group but not in the TH group (1.85% vs 7.48%, Figure 2G) . Notably, the proportion of Treg cells, a key mediator of immune suppression, further decreased in the PBS-treated testicle upon INS-1 cell grafting (9.54% in 1.85% CD 4 + T cells vs 13.8% in 8.48% CD 4 + T cells of the normal group), reflecting the triggering of acute inflammation; however, this decrease did not occur in the TH-remodeled mice (13.1% in 7.48% CD 4 + T cells, Figure 2H ). Further cytokine profiling showed that INS-1 cell implantation significantly increased the level of proinflammatory factors (IL-6, IL-1β, and TNF-α) and decreased that of antiinflammatory factors (activin A, TGF-β1, and IL-10) in the PBS-treated testicle, whereas TH remodeling successfully protected the testicle from such turbulence ( Figure 2I ). These data indicate that TH treatment effectively established immune tolerance in the testicle, which is an important basis for overcoming transplant rejection.
Third, we observed the systematic immune rejection of INS-1 cells. The quantification of cytokines in peripheral blood revealed an intense early rejection reduced by the rat cells transplanted into the PBS-treated mice, as evidenced by a sharp change in the production of IgG and IgM. [32] However, these changes were much lower in the TH-treated group ( Figure 2J) . Furthermore, specific IF staining for INS-1 cells showed that the transplanted rat cells were confined within the testicle, with no leakage or spreading out of these cells to any other tissues in the host mice ( Figure S6 , Supporting Information). These findings are crucial for the safe use of TH.
The above results demonstrate that the TH treatment is capable of remodeling the testicle tissue into an immunotolerant environment, and this remodeling is necessary for the survival and function of trans-species cell transplants. Without using TH, strong immune rejection could still be triggered by the xenograft cells-despite some earlier observations that the testicle exhibited "immunological privilege" to some extent. [12, 14, 15] 
Transplanted Rat Beta Cells Grow in TH-Remodeled Mouse Testicle
We next assessed the long-term survival and growth of these xenograft cells in the host. First, by using a lentivirus, we stably transfected the rat INS-1 cells with a green fluorescent protein (GFP or GFP-INS-1) and injected the GFP-INS-1 cells (5 × 10 6 ) into the PBS-treated or TH-remodeled testicle in mice ( Figure 3A) . Bioluminescence imaging lasting for 30 days demonstrated that the transplanted cells in the TH-remodeled testicle could survive throughout the entire period, but those in the PBS group died rapidly, with 59.08% of the signal lost after 20 days ( Figure 3B ; Figure S7 , Supporting Information). This finding was further confirmed by flow cytometry analysis and quantification of the number of GFP-INS-1 cells, whose viability remained 41.4% in the TH-treated group at day 30 but decreased to 4.6% in the PBS group at day 20 ( Figure 3C,D) . These data proved that the xenografted cells survived longer in the TH-remodeled testicle. Compared with other studies, [1, 2, 33] we found that different approaches could control the blood glucose level for varying lengths of time; this variance may largely depend on the cell types used-for instance, INS-1 cells seemed less powerful than primary islet cells or stem cell-derived beta cells in this regard. This shortcoming of insulinoma is reasonable and can probably be overcome by further optimizing the cell source or increasing the times of injection. Nevertheless, the great advantages of these cells, including the convenience of acquisition, fast proliferation, and robust function, offer new and alternative possibilities for solving the key challenges in tissue regeneration.
Histological analysis (H&E staining) further indicated that the transplanted beta cells maintained their normal morphology and developed into islet-like structures in the TH-remodeled testicle 20 days after injection; however, this morphology was not observed in the PBS-treated group, even if the two groups were injected with the same number of cells ( Figure 3E ). Fluorescence images of the GFP-INS-1 cells consistently confirmed the difference between these two groups ( Figure 3F ). Moreover, IF staining of the testicle showed that the INS-1 cell clusters formed in the TH group highly expressed NKX 6.1 (a key homeobox transcription factor persistent in pancreatic cells) and MAFA (a critical transcription factor for beta-cell function) and secreted insulin and C-peptide ( Figure 3G ). [34, 35] The expression of these beta-cell markers at the transcriptional level was also confirmed to be 5-150 times higher in the TH group than in the PBS group ( Figure 3H ). The outcomes suggest that the TH-remodeled testicle supports the prolonged survival of xenogeneic beta cells, their formation of a normal, islet-like morphology, and consequently their production of insulin in the host.
Transplanted Rat Beta Cells Control the Blood Sugar Level in Mice
Finally, we tested the function of the xenografted beta cells in the mice, focusing on the ability of these cells to modulate blood glucose level and reverse hyperglycemia. We prepared type I diabetic mice and implanted INS-1 cells into their testicles using the same protocol as that described above ( Figure 4A) . The transplanted INS-1 cells efficiently lowered the blood glucose level in the mice with TH-remodeled testicles, and this effect was maintained for 30 days. By contrast, in the PBS-treated mice, these cells could reverse the blood glucose to normal for only 10 days, after which the mice immediately regained hyperglycemia ( Figure 4B ). Moreover, we tested the response of the grafted INS-1 cells to a glucose challenge mounted by an intraperitoneal glucose tolerance test (IPGTT) 20 days after injection. The mice were fasted overnight and intraperitoneally injected with glucose before their blood glucose level was monitored at the indicated time points. The outcomes showed that the level of blood glucose was controlled well in the mice with TH-remodeled testicles, suggesting that INS-1 cells secreted insulin sensitively in response to glucose ( Figure 4C) . Importantly, the insulin in the serum of the THremodeled mice 30 min post-IPGTT was of rat origin-, i.e., it was produced by the xenografted INS-1 cells rather than by the host mice ( Figure 4D ). By contrast, INS-1 cells transplanted to the PBS group failed to respond to the glucose challenge.
INS-1 cells are immortalized cancerous beta cells. In the mouse body, they survive, develop into islets, and function to secrete adequate insulin, opening new possibilities to resolve the issue of cell transplantation source. Nevertheless, we were interested in whether normal rat pancreatic islets would also function in TH-remodeled mice. Therefore, we isolated rat pancreatic islets and injected them into the mouse testicle in the same way as that for injecting INS-1 cells. Similarly, the transplanted rat islets effectively ameliorated hyperglycemia in the TH-remodeled diabetic mice for 72 days, which was 24 days longer than in the PBS-treated mice ( Figure 4E) , and still responded to the glucose challenge 60 days after injection ( Figure 4F,G) . By contrast, pancreatic islets grafted into the PBS-treated group failed to change the hyperglycemia condition. The length of time for which glycemic levels in the THremodeled group were normal was 1.6-fold longer than that in the PBS group (72 vs 45 days). This is a positive result, and further improvement is possible. For instance, increasing the frequency of injection for testicle remodeling can potentially maintain immune tolerance for a longer time, which may consequently give rise to a longer period of blood glucose control.
In summary, these data demonstrate that TH-remodeled testicles can protect both xenogeneic insulinoma cell lines and primary islet tissue from immune rejection. The testicles functioned longer to produce adequate insulin to control the blood sugar level in the mice. Despite the xenogeneic nature of these functional cells, these trans-species "guests" demonstrated native morphology and desirable functions for a relatively extended period, which rely upon and is a consequence of successful TH remodeling.
Conclusion and Discussion
In this study, we showed an innovative and feasible strategy to overcome the two most important challenges in pancreatic islet transplantation: graft rejection and a limited number of therapeutic cells/tissue. [3] This strategy comprises two steps: i) remodeling of the testicle with a TH and ii) implantation of immortalized xenogeneic cells into the remodeled testicle. The first step creates a stable immune-suppressive and tolerant environment that is desirable for avoiding graft rejection, while the second step allows for the use of XCCs as the source of therapeutic cells-which may fundamentally solve the longstanding problem of shortage of cell source. [36] Our exploration opens up the possibility of using xenogeneic insulinoma cell lines as seed cells for pancreatic islet regeneration, which may further inspire the design of new, cell-based strategies for diabetes treatment.
Immune rejection is the main threat to pancreatic islet transplantation, causing the loss of 50-75% islets shortly after grafting. Conventional approaches focus on the provision of an immunoisolation capsule or systemic administration of immunosuppressive drugs, [5, 6] both of which have substantial side effects. In comparison, our strategy aims to address this issue fundamentally by changing an existing organ of the body-the testicle-into an immunotolerant environment for transplantation. We learned from previous studies (and then validated in this study) that remodeling of the testicle is necessary. [22] Accordingly, we utilized the TH to change the inner structure and physiological features of the mouse testicle with the aim of enhancing and prolonging its immunosuppressive characteristics. Our strategy proved effective, showing not only the enhancement of immunosuppression but also the establishment of the immunotolerance of the remodeled testicle to xenogeneic cell transplantation. First, TH remodeling effectively increased both the proportion and number of antiinflammatory macrophages (M2), which are the major immune cells mediating immunosuppression. [12, 14, 25] Their activity is fundamental to avoid acute inflammation and immune rejection. Second, we observed the reduced secretion of IgM and IgG, [32, 37] the lowered ratio of cytotoxic CD 8 + T cells, [27, 29] as well as an increased number of immunosuppressive CD 25 + /Foxp3 + Treg cells. [13, 26] All these data highlighted the establishment of immunotolerance, which is key to accommodating xenogeneic cells and supporting their long-term function. We emphasize the second point because previous studies illustrated that the native, immunosuppressive niche of the testicular tissue was insufficient to support xenograft function. [38, 39] Direct engraftment into the testicle led to very little success due to the short period of engraftment settlement and the low efficiency with which transplanted islets regulated blood glucose. [20, 21] In summary, our data highlighted the necessity and efficacy of TH remodeling.
Successful minimization of immune rejection has opened up the possibility of using immortalized cells, such as cancer cells, for therapeutic transplantation. Indeed, these cells grow rapidly and function properly, [23, 24, 40] which desirably meet the expectation for tissue transplantation. Our data showed that INS-1 cells seeded in the TH-remodeled testis smoothly settled down, demonstrated extended survival and, importantly, developed into a Langerhans-like cell cluster in the intratesticular site. [41] A normal morphology is important to the function of tissue cells. Indeed, the xenograft cells abundantly expressed beta-cell markers NKX6.1 and MAFA and effectively secreted insulin. Correspondingly, when we transplanted normal rat pancreatic islets (not insulinoma) into the mouse testicle, they also showed favorable therapeutic potential. Therefore, our study uncovers the underestimated potential of XCCs: these cells are traditionally not considered for therapeutic use, but we show the possibility of using and transplanting them with an ultimate goal of treating type I diabetes. [42] Further translation of this strategy may help to address the longstanding deficiency of transplantable beta cells. [43] Engineering of INS-1 or other insulinoma cells, as well as increasing the time of TH injection to remodel the tissue, may be an effective approach to improve cell performance, which is necessary for the next-stage translation of this approach before clinical trials.
Our strategy has also taken into account the safety issue throughout the design and implementation of the experiments. First, we rigorously examined in this and previous studies that although TH efficiently modulates the local immune response in the testicle, it has little influence on the global immune system. [22] Next, despite their cancerous nature, INS-1 cells displayed a normal islet-like morphology and the expected insulin-producing activity, without showing any abnormity. Furthermore, the intentionally produced and sharp contrast between the immunotolerant niche inside the testicle and the immunocompetent environment of the entire mouse body (except the remodeled testicle) is crucial. As one of the most creative designs in this strategy, this "immunological contrast" effectively confined the transplanted cells strictly within the testicle. As such, the rat beta cells demonstrated both effective function (regulating blood glucose levels) and high in vivo safety in the remodeled mouse testicle.
Although we have demonstrated the potential of our approach for pancreatic islet regeneration, we believe that much work lies ahead in terms of application. First, we should evaluate more comprehensively the safety of the strategy in a clinically relevant model. In-depth analyses are expected for i) changes to the primary functions of the testicles, ii) the TH interference with the immune system outside the testicles, and iii) the confinement of the implanted xenograft cell lines in the testicles. Second, to meet the demand on the quantity of cells for clinical transplantation (≈1.5-3 × 10 9 beta cells), a substantially larger number of cells should be prepared. This requirement
